Batch experiments were conducted to investigate the performance of nonionic-anionic mixed surfactants and their recovery through activated carbon. The solubilization capabilities of mixed surfactants toward phenanthrene (PHE) were reduced by addition of anionic surfactant to the mixed systems. Results showed that sorption of Triton X-100 (TX100) onto soil decreased with increasing mass fraction of sodium dodecyl sulfate (SDS) in the mixed surfactant solutions. Soil contaminated with PHE at 200 mg/kg was washed with different surfactant concentrations at various mass ratios of nonionic-anionic mixed surfactant. Experiments with low-concentrations of mixed surfactants revealed that removal efficiencies for PHE-contaminated soil close to the individual higher nonionic surfactant concentration can be achieved. Overall performance considering both soil washing and surfactant recovery steps is apposite when an TX100:SDS mass ratio of 8:2 at 3 g/L is used.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) have been identified as carcinogenic and toxic pollutants that may pose long-term adverse impacts to humans and the environment (Bostrom et al. ) . A promising ex situ remediation strategy to manage PAH-contaminated soil is soil washing (Gan et al. , Frutos et al. , López-Vizcaíno et al. , Rosas et al. ) . Given that surfactants can increase the solubility and mass transfer of PAHs, surfactant-enhanced remediation has received considerable attention because of the low water solubility and high soil sorption of PAHs (Paria , Mao et al. ) .
Many studies have been performed to investigate the effects of mixed surfactants on the water solubility enhancement of PAHs (Zhu & Feng ; Zhou & Zhu , , Zhao et al. , Kabir-ud-Din et al. , Wei et al. ) . The surface/interfacial tensions and critical micelle concentration (CMC) of mixed surfactant solutions are generally lower than those of single surfactant solutions ( Jan et al. ; Sales et al. ) . Synergistic behaviors may be observed when anionic and nonionic surfactants are mixed, and anionic surfactants can reduce sorption of nonionic surfactants in soil (Zhou & Zhu , ) . Therefore, a mixture of nonionic-anionic surfactant may improve the effects of soil washing. However, quantitative knowledge of the apposite mass proportions of nonionic and anionic surfactants for PAH-contaminated soil remediation remains lacking. Although the use of surfactants can enhance the performance of soil washing, surfactant costs must also be considered during field remediation. Separation of organic contaminants from the surfactant solution is essential to reuse the surfactant solution and reduce the cost of waste disposal (Harwell et al. ; Cheng & Sabatini ; Liu et al. ) . Unfortunately, studies on the reuse of nonionic-anionic surfactant solutions through adsorption are rare (Ahn et al. ) .
In the present study, we aim to investigate the feasibility of remediating PAH-contaminated soils through application of nonionic-anionic surfactants and the recovery of these surfactants by activated carbon. Phenanthrene (PHE) was chosen to represent PAHs, Triton X-100 (TX100) was chosen as the nonionic surfactants and sodium dodecyl sulfate (SDS) was chosen as the anionic surfactant. Solubilization of PHE through the use of nonionic-anionic surfactant solution was investigated to determine the maximum PHE concentration in the surfactant solutions.
PHE removal efficiencies with various surfactant solutions were compared to determine the apposite proportions of nonionic and anionic surfactants. The effects of various PAH and surfactant concentrations on surfactant reuse through activated carbon adsorption were investigated. The results of this work provide new information on surfactant reuse through activated carbon adsorption. Findings support the hypothesis that using nonionic-anionic mixed surfactants during the soil washing process is both effective and economical.
MATERIALS AND METHODS

Materials
TX100 and SDS with purity > 98% was purchased from J&K Scientific Ltd. PHE with purity > 97% was purchased from Tokyo Chemical Industry Co., Ltd. Selected physical and chemical properties of these chemicals are provided in Table 1 . All the above chemicals were used without further purification.
Clean soil was collected from a depth of 10-50 cm beneath the ground surface of Henan Polytechnic University, China. Soil samples were air dried for 7 d and passed through a 1 mm sieve. The soil contained 60.3% sand, 22.8% silt and 16.9% clay. For more detailed information about soil, please refer to the Supplementary Material, available online at http://www.iwaponline.com/wst/072/357.pdf. To prepare PHE-contaminated soil, 400 mg PHE was dissolved in 400 mL methanol and 2 kg soil was added slowly. This slurry was mixed thoroughly and the solvent was allowed to evaporate slowly. The dry contaminated soil was transferred into a bottle and tumbled for about a week before the experiments. The ultimate concentration of PHE was 200 mg/kg in soil.
Activated carbon was supplied by Sinoharm Chemical Reagent Co., Ltd, China. The BET (Brunauer-Emmett-Teller) surface area, total pore volume, average particle diameter and pore size for activated carbon are 718.2 m 2 /g, 0.845 cm 3 /g, 0.78 nm and 0.2-2.0 nm, respectively. Activated carbon was boiled in deionized water for 1 h, purged with deionized water for 3-5 times, then dried under 105 W C overnight and stored in a dryer before use. For elementary composition and scanning electron microscope (SEM) images of activated carbon, please refer to the Supplementary Material.
Solubilization experiments
The concentration of TX100 and SDS were 5,000 mg/L in stock solutions and then diluted to the required concentrations. For each batch test, excess amount PHE was added to each glass tubes containing 25 mL surfactant solutions with various concentrations. The surfactant mixtures used mass ratios of TX100 to SDS of 1:0, 8:2, 6:4, 5:5, 3:7 and 0:1. These samples were then equilibrated for 48 h on a reciprocating shaker at 200 rpm at 25 ± 0.5 W C. After shaking, the vials settled for 12 h and were then subsequently centrifuged at 4,000 rpm for 20 min.
Sorption of TX100 onto soil
Clean soil (2.0 g) was added to a 100 mL glass flask which was then filled with 40 mL of various concentration surfactant solution with different TX100:SDS mass ratios. All adsorption experiments were carried out on a reciprocating shaker at 200 rpm at 25 ± 0.5 W C. In adsorption kinetics experiments, the aqueous samples were taken at 5, 10, 15, 30, 60, 90, 120, 180, 240, 300, 360 , and 480 minutes. After being shaken, the suspension was centrifuged at 5,000 rpm for 10 minutes.
Soil washing and activated carbon adsorption PHE-contaminated soils (50 g) were added to a 1 L Erlenmeyer flask which was then filled with 500 mL surfactant solution at 2,000 mg/L, 3,000 mg/L, and 5,000 mg/L, respectively. The flasks were equilibrated on a reciprocating shaker at 200 rpm at 25 ± 0.5 W C for 48 h. The soil-washed solution was settled for 2 h and the supernatant was collected. Activated carbons (1g/L) were added to 150 mL glass flasks and then filled with 100 mL soil-washed solution containing both mixed surfactants and PHE. The adsorption process was the same as the sorption of TX100 onto soil.
Analytical methods PHE and TX100 concentration was analyzed after filtration (0.2 μm PTFE filter) with a high-performance liquid chromatography (HPLC, dionex U3000) with an ultraviolet detector. The stationary-phase column was an Agilent PAH column (250 × 4.6 mm) packed with 5 μm particles. The HPLC was operated under the following conditions: a flow rate of 1.0 mL/min, injection volume of 20 μL, a UV wavelength of 230 nm, and a mobile phase of acetonitrile: water ¼ 85:15 with isocratic flow conditions. SDS concentration was quantified using modified methylene blue colorimetry (APHA ).
Validity of adsorption model
In order to quantitatively compare the applicability of each adsorption model, normalized standard deviations (NSD) were determined by the follows equation:
where q e,exp is the adsorption amount obtained from experiment at equilibrium, q e,cal is the adsorption amount obtained from model at equilibrium, N is the number of experimental points on the adsorption curves. Smaller values of NSD demonstrate more precise estimations of the q e value.
RESULTS AND DISCUSSION
PHE solubilization
The solubility enhancement of PHE as a function of surfactant concentration above the CMC is illustrated in Figure 1 . PHE solubilized in the micelles increased linearly with the increasing surfactant concentration. The slopes of the lines, which represent weight solubilization ratio (WSR) were calculated using least-square linear regression. The WSR value of PHE for individual TX100 and SDS was 0.034 and 0.014, respectively. These results showed that the solubilizing capacity of TX100 is better than SDS, and the same result was confirmed by comparing the water solubility enhancements of naphthalene and fluorine (Liang et al. ). The behavior is generally attributed to the increase of partition coefficients of the solutes between micelle and aqueous phase and the decrease in the surface tension (Zhao et al. ; Zhou & Zhu ) . Synergistic solubilization was observed in the mixed surfactant solutions, in which the mass ratios of TX100 to SDS were 8:2, 6:4, 5:5, and 3:7. Similar to the individual surfactant, anionic-nonionic mixed surfactants have also the potential capacity to enhance the solubilization of PHE in water. Apparent solubilities of PHE also increased with the increasing mixed surfactant concentration, however, the solubilizing capacity of PHE by mixed surfactant is less than that by individual nonionic surfactant. The solubilization capabilities of mixed surfactant towards PHE are all reduced by adding anionic surfactant in mixed systems, and this phenomenon is presumably attributed to the incorporation or partitioning of PHE within multicomponent micelles. In the case of the total concentration of surfactants being kept at 5 g/L, apparent solubility of PHE in mixed surfactant with the mass ratio of 8:2, 5:5 and 3:7 for TX100:SDS was 80.4, 65.9 and 54.0% in individual TX100 solution, respectively. WSR values also are found to be the highest for individual TX100 and increased with the decreasing mass ratios of SDS in the mixed surfactant system.
Adsorption isotherms of TX100
The higher solubilization capacity for contaminants and the lower adsorption losses of surfactants were two key factors for soil washing progress. The adsorption losses of TX100:SDS with different mass ratios were investigated to select an apposite mass ratio for PAH-contaminated soil remediation. Figure 2 illustrates the adsorption isotherms of different mass ratios of TX100:SDS. Two common adsorption models, the Langmuir and Freundlich isotherm models were employed in this study. The nonlinear forms of the two isotherm models are:
where q e (mg/g) is the amount adsorbed per unit mass of adsorbent at equilibrium concentration; C e (mg/L) is the equilibrium concentration of the adsorbate; q max (mg/g) is the maximum adsorption capacity; b is the adsorption equilibrium constant, characteristic of the affinity between the adsorbent and adsorbate; K F is a Freundlich constant representing the adsorption capacity; n refers to the adsorption capacity.
The experimental isotherm data were fitted to these equations by applying linear regression analysis. The coefficients of two isotherm models have been shown in Table 2 . Correlation coefficients are also calculated by fitting the experimental adsorption equilibrium data for two models.
The Langmuir model appears to fit the isotherms data better than the Freundlich model in our study.
A dimensionless constant separation factor, r, is proposed to predict whether a Langmuir adsorption system is favourable or not. The type of favourability of the absorption isotherm is defined for specific r values as follows: r > 1 is unfavourable, r ¼ l is linear, r between 0 and 1 is favourable and r ¼ 0 irreversible (Jiang et al. ) . The separation factor, r, is defined as follows:
Since both b and C 0 are greater than 0 in this study, the value of r lies within the range 0-1. This indicates the adsorption of TX100 on soil is highly favorable under the experimental conditions used in this study.
The adsorption capacity of TX100 onto soil increased with the decrease of initial TX100 concentration in the individual TX100 solutions. For example, the remaining fraction of TX100 at 2, 3, and 5 g/L was 51.7, 83.6 and 89.5%, respectively. One possible reason for this result is that the adsorption capacity of soil for TX100 has reached its maximum value (Ahn et al. a, b) . With the sorption onto soil approaching saturation, TX100 concentration in solution increased. At the fixed TX100 concentration, the presence of SDS did affect the adsorption capacity of TX100 greatly. The adsorption capacity of TX100 onto soil decreased with increasing mass ratio of SDS in all cases. For example, the remaining fractions of TX100 at 5 g/L with mass ratios of 8:2, 6:4 and 5:5 for TX100:SDS were 94.9, 97.0, and 97.3%, respectively. By Langmuir model, the adsorption capacity of TX100 with the mass ratio of 
Adsorption kinetics of TX100
Kinetics experiments were conducted to establish the time required to reach sorption equilibrium. The evolution of the concentration of TX100 as a function of time, plotted as C/C 0 against time is shown in Figure 3 . The TX100 adsorption process on soil can be rapid in the first 60 minutes, then continued with a slower rate until 8 h of the experiment at which point it nearly reached a plateau, which indicates the adsorbed TX100 on soil has a maximum amount.
The modeling of the adsorption kinetics may be described by two common models, namely, the pseudofirst-order rate model and a pseudo-second-order model. The pseudo-first-order and pseudo-second-order kinetics model can be expressed as nonlinear forms by the following equation (Zheng et al. ) :
where q e (mg/g) and q t (mg/g) are the amounts of adsorbate adsorbed on the adsorbent at equilibrium and at any time t; k 1 (1/min) and k 2 (g/mg min) are the rate constant of the first-order adsorption and pseudo-first-order kinetics model; t (min) is time.
The constants of the two kinetics models are shown in Table 3 . It can be seen clearly that the data agree well with the pseudo-second-order model since the correlation coefficient is larger than 0.99 and the calculated q e values agreed with the experimental q e values. This suggests that the adsorption of TX100 on soil follows second-order kinetics. It should be noted that a higher correlation coefficient in the first-order kinetics could be obtained if the fitting analysis was made in shorter contact time. But on the whole, the data did not agree with the pseudo-firstorder kinetics model. Moreover, k 2 value increased with the increasing mass ratios of SDS in the mixed surfactant system. This may be attributed to TX100 sorption onto soil being reduced with the addition of SDS. This finding suggested that the adsorption of TX100 by soil is complex and includes more than one mechanism.
Removal performance of PHE-contaminated soil
Batch soil washing experiments were conducted to evaluate the performance of mixed TX100:SDS solutions in removing PHE from contaminated soils. TX100 solutions at 2, 3, and 5 g/L with mass ratios of TX100:SDS at 1:0, 8:2, 6:4, and 5:5 were used. Figure 4 illustrates that PHE removal efficiencies increased with increasing initial TX100 concentration in the individual TX100 solutions. For example, the PHE removal efficiencies of TX100 at 2, 3, and 5 g/L were 43.6%, 55.4%, and 78.8%, respectively. This result can be attributed to improvements in solubilization capability at higher TX100 concentrations. When TX100 is added to SDS, PHE removal efficiencies show similar tendencies at a fixed concentration. The TX100:SDS mixture with a mass ratio of 8:2 showed the highest PHE removal efficiency among the mass ratios tested. Taking the concentration of 3 g/L as an example, although the solubilizing capacity of PHE at TX100:SDS with the mass ratio at 8:2 was lower than that at 1:0, PHE removal efficiencies of 75.7% were higher than the individual TX100, which had 55.4%. This result is attributed to the capability of SDS to reduce the adsorption amount of TX100 onto soil. For TX100:SDS with a mass ratio of 8:2, the effective TX100 concentration in the washing solution was 2.75 g/L; this concentration is higher than that of the single TX100 solution, which is 2.51 g/L. When TX100 is mixed with greater amounts of SDS, PHE removal efficiencies decreased with increasing mass ratio of SDS in the mixed surfactant systems. This result indicates that although TX100 can remain in the soil washing solution at higher mass ratios of SDS, WSR values decrease. Therefore, low amounts of PHE solubilized in the mixed surfactant lead to decreased removal efficiencies. Overall, adding SDS causes two competing effects on PHE removal: (i) TX100 sorption onto soil is reduced, and solubilization of PHE by TX100 in the soil-washed solution is enhanced; (ii) PHE solubilization in the mixed surfactant decreases because of low WSR values. Thus, the apposite TX100:SDS mass proportion for PAH-contaminated soil remediation is 8:2 in this study.
It is noticeable that PHE removal efficiencies obtained at the mass ratio of TX100:SDS at 8:2 with 3 g/L were 75.9%, similar to the PHE removal efficiency of TX100 alone at 5 g/L. Experiments with low concentrations of mixed surfactants revealed that removal efficiencies for PHE-contaminated soil close to the higher individual nonionic surfactant concentration can be achieved. A restricting factor for the full-scale application of soil washing technology is the cost of the surfactant (Liu et al. a, b) . Thus, lower TX100 concentrations could reduce surfactant cost. Furthermore, residual soil-sorbed surfactants may act as long-term pollutant sources for nearby ecosystems. Therefore, attempting to use surfactants with lower concentrations is necessary. Overall, lower anionic-nonionic mixed surfactant concentrations can achieve the remediation goal of higher nonionic surfactant concentrations and benefit soil remediation practices.
Removal of PHE from mixed surfactant solutions by activated carbon
The soil-washed solution was collected and used for the adsorption by activated carbon. It is noticeable that surfactant adsorption was not linear with the mass ratio of surfactant. Therefore, before and after washing and adsorption, TX100 and SDS concentration were determined and are listed in the Table 4 .
The adsorption mechanisms of most binary surfactant mixtures by activated carbon are either cooperative or competitive. Similar to adsorption by soil, previous reports indicate that SDS and TX100 compete for sorption sites and that the sorbed amount of TX100 is reduced by addition of SDS (Ahn et al. ) . The removal efficiency of PHE increases with increasing SDS proportion as a result of the low WSR value of SDS. Given that SDS and TX100 form a mixed micelle, SDS and TX100 should be considered as a whole.
Given similar surfactant concentrations with different PHE concentrations, such as cases 2 and 4, TX100 and SDS concentrations were between 4,400 and 4,900 mg/L, whereas PHE concentration was relatively varied. PHE shows slight effects on the amount of adsorbed surfactant (within 2%) because the concentration of the surfactant is greater than that of PHE. However, the adsorbed fraction of PHE increased as the initial PHE concentration decreased because less PHE was available to compete for the same surfactant micelles. The adsorption results of cases 6 and 8 also verify this hypothesis. Given the same PHE concentration with different surfactant concentrations, such as in cases 3 and 6, PHE has a similar concentration, while surfactant concentration is relatively varied. The adsorbed fraction of surfactant decreased as the surfactant concentration increased. This finding is consistent with previous studies on the selective adsorption of PAH dissolved in surfactant by activated carbon (Ahn et al. ; Gan et al. ; Liu et al. a, b) . The result can be attributed to the limited activated surface for surfactant micellar adsorption. An increase in initial surfactant concentration indicates that a higher amount of surfactant may be recovered. This result can be mainly ascribed to the adsorption amount of surfactant having a certain value. High initial surfactant concentrations mean more surfactant micelles in the aqueous surfactant solution. Surfactants in aqueous solution can solubilize larger amounts of PHE and reduce PHE sorption. Thus, the adsorbed fraction of PHE decreases as the surfactant concentration increases. Another possible reason may attributed to the pores of activated carbon. The higher the surfactant concentration, the larger the number of surfactant micelles that can block the entrance of micropores of activated carbon. Thus, fewer pores are available for PHE adsorption. These results reveal that increases in surfactant concentration and decreases in PHE concentration benefit surfactant recovery.
Overall performance must be considered by combining PHE removal with surfactant recovery. In the washing step, the highest PHE removal was observed at 5 g/L TX100 and SDS with a mass ratio of 8:2. This result indicates that large amounts of PHE remain in the soil washing solution. In the adsorption step, the PHE removal efficiency is lowest at the highest surfactant concentration because of its high WSR value. Given that PHE removal is more important than surfactant recovery in the perspective of environmental protection, the surfactant concentration cannot be too high. Thus, higher washing efficiency is not beneficial for surfactant reuse, which is consistent with previous studies on soil washing using various surfactants (Ahn et al. a, b) . In the adsorption step, the highest PHE removal was observed at 2 g/L surfactant; this phenomenon may be attributed to the relatively low PHE concentration in the soil washing solution. However, the removal efficiencies of PHE in the washing step and the fraction of surfactant observed after adsorption were rather low, which means low levels of surfactant are not beneficial to either soil washing or surfactant recovery. Thus, 3 g/L surfactant is a better choice for improving both soil washing and adsorption in this study. At an TX100:SDS mass ratio of 8:2 and 3 g/L, the mixed surfactant can not only remove as much PHE as that removed by higher concentrations of nonionic surfactant in the washing step but also recover over 87.0% surfactant and remove 91.4% PHE in the adsorption step. Thus, this mass ratio and concentration may be considered apposite values for the mixed TX100:SDS solution in this study. CONCLUSION 1. Anionic-nonionic mixed surfactants could enhance PHE solubilization. PHE solubilization decreases with increasing mass ratio of SDS in mixed micelles. 2. Sorption of TX100 onto soil decreased with increasing mass fraction of SDS in the mixed surfactant solutions. The experimental results indicated that TX100 adsorption fitted with Langmuir and pseudo-second-order models well. 3. In the washing step, adding SDS caused reductions in TX100 sorption into soil and enhanced solubilization of PHE by TX100. Increases in surfactant concentration and decreases in PHE concentration benefit surfactant recovery in the adsorption step. At TX100:SDS mass ratio of 8:2 and 3 g/L, 75.9% PHE could be removed from soil and 87.0% surfactant could be recovered; this mass ratio and concentration may thus be considered apposite proportions for soil washing coupled with activated carbon adsorption.
